Introduction
Cataract formation, or opacification of the ocular lens, is one of the most thoroughly studied disorders of ageing. Lens opacification during ageing results from the gradual, progressive, self-assembly of cytoplasmic protein aggregates to produce light scattering [1] [2] [3] [4] . Studies of molecular ageing during the opacification of lens cells have direct application to the self-assembly of amyloid fibrils and aggregates in neurodegenerative, cardiovascular and vision disorders [5] [6] [7] [8] . In vivo studies of protein self-assembly in cells of internal organs such as the ageing brain or heart are very difficult. By contrast, in vivo studies of protein self-assembly in the transparent cells of the lens are quite feasible using modern spectroscopic and imaging techniques [9] . In figure 1 , the transparency of a three-week old calf lens is compared with the dense opacity of a cataract in the same lens (figure 1, insets). In this model for cataract formation, the difference between the transparent and opaque condition is the temperature. The opacity resulted when reversible interactions between cytoplasmic proteins were altered to favour aggregates, fibrils or amyloid at a temperature below a critical temperature, T c (also known as the temperature of cataract, or cloud temperature, [10] ; see horizontal dashed line in figure 1 ). The dense opacity observed in figure 1 can be generated from the self-assembly and aggregation of less than 3 per cent of the total cytoplasmic proteins if the size and concentration of the aggregates are consistent with light scattering [11] . Intense light scattering occurs when aggregates achieve dimensions equal to or greater than half of the wavelength of visible light and produce two separate phases, a condensed phase of self-assembled protein and a dilute protein phase. Phase separation and aggregation can occur below T c [3, 11, 12] . Aggregate formation in lens cells resembles the selfassembly of amyloid fibrils in neurodegeneration [13] . In cataract, a cytoplasmic phase separation is a useful model for protein interactions that account for protein self-assembly and formation of aggregates responsible for increased light scattering [14, 15] . Light-scattering from proteins in lens cells is an extremely sensitive quantitative method for characterization of altered protein -protein aggregation in vivo.
2. Critical temperature, T c , as a measure of self-assembly of proteins
The reversibility of the self-assembly of protein aggregates at T c is a function of non-covalent interactions between protein ( p) and solvent (s) constituents in the cytoplasm of lens cells:
, where k is the Boltzmann constant, and A is a parameter determined by the detailed form of the phase diagram [10] . As defined by the equation, T c is a direct measure of the difference between the sum of energies of interaction between lens proteins ( pp) and the surrounding solvent constituents (ss) in lens cytoplasm and the protein -solvent interactions ( ps). E ps is a measure of the attractive interactions between the protein and solvent molecules that account for soluble transparent cytoplasm. E pp is a measure of the attractive interactions between proteins as they self-assemble into a separate phase. E ss is a measure of the attractive interactions between the solvent molecules.
Under conditions favourable to normal transparency and unfavourable for protein self-assembly, the interactions between protein and solvent molecules, E ps , dominate and, with age, a change in T c favours transparent cell structure at body temperature [16, 17] . Under conditions favourable for protein aggregation, the interactions between selfassembling proteins, E pp , and the interactions between solvent constituents, E ss , dominate. The result can be an increase in T c towards body temperature in lens cytoplasm, which was observed during the earliest stages of cataract formation prior to visible opacity and visual impairment. The relationship between T c and the self-assembly of cytoplasmic proteins in lens was studied in diverse cataract models. The rate of change in T c was found to be a sensitive indicator of the earliest stages of protein aggregation and cataract formation in vivo [17] . Once the conditions leading to protein self-assembly were characterized empirically, it became important to identify the specific interactive sites that were responsible for the attractive forces contributing to solubility and transparency of lens cytoplasmic proteins or, in the case of cytoplasmic opacity, the self-assembly of aggregates and fibrils [18] . The self-assembly of cytoplasmic proteins during lens opacification in cataract shares common features with selfassembly of proteins in all known aggregation disorders of ageing. Altered protein -protein interactions resulting from chemical modification, proteolysis or mutation can disrupt the normal attractive forces between the surface of proteins and the surrounding molecular environment to influence their function and biomolecular assembly in solution. In lens cells, the post-translational modifications include deamidation, oxidation, phosphorylation, proteolytic cleavage and mutations at a variety of sites in crystallins or cytoskeletal proteins. The effect of post-translational modification is readily measured as an increase or decrease in the T c of the cytoplasmic phase separation [19] . In many cases, the effect on T c and aggregate formation includes interactions with Phase diagram for reversible opacity in calf lens cytoplasm: lens cytoplasm resembles a solution of protein biopolymers. When proteinprotein interactions favour transparent cellular structure, the cytoplasm exists as a single, homogeneous, protein solution with a uniform index of refraction, similar to glass or plastic in a camera lens (right inset denotes normal calf lens). When protein-protein interactions are favourable for the self-assembly of proteins, aggregates or fibrils of high index of refraction can self-assemble and coexist as a separate condensed phase dispersed throughout a dilute solution of cytoplasmic proteins having a low index of refraction. The fluctuations in the index of refraction are large enough to scatter light and produce lens opacity (left inset denotes cataract in calf lens). The background in the phase diagram represents the uniform distribution of cytoplasmic protein (outside the coexistence curve) and the cytoplasmic aggregates in the opaque cytoplasm (inside the coexistence curve). In a polymer solution, the collective interactions between cytoplasmic proteins responsible for phase separation can be characterized by T c , the critical temperature, also known as the cloud temperature, cataract temperature or phase separation temperature. During normal lens development, the T c of lens cytoplasm decreases away from body temperature and the interactions between proteins favour transparent cytoplasmic structure. During the very early stages of cataract formation, T c increases towards body temperature, and the interactions between proteins favour the coexistence of two separate phases: self-assembling aggregates and a dilute solution of soluble cytoplasmic proteins. Biophysical conditions of protein concentration, pH, ionic strength and temperature, as well as small molecules such as phase separation inhibitors (PSI) can alter the phase diagram and T c . The PSI act on interactions between proteins to protect against self-assembly of protein aggregates in cataract, a common disorder of ageing. The PSI can maintain the cytoplasm as a single, homogeneous, transparent phase in lens cells. Intracellularly or extracellularly, PSI can be expected to have similar protective effects on protein -protein interactions responsible for the self-assembly of amyloid or fibrils in ageing disorders such as Alzheimer's or Parkinson's disease. After the crystallins, the most prominent protein constituents in lens cytoplasm are cytoskeletal proteins. Self-assembled aggregates often appear fibrillar in lens cytoplasm (see inside solid line) suggesting that the cytoskeleton is a scaffold for lens proteins in both transparent and opaque lens cells. What is clear is that the symmetric, refractile, transparent biological lens is the result of collective interactions that can be modelled using the polymer phase diagram. (Online version in colour.) rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120104 aB-crystallin [19, 20] . Because a-crystallin was a common component in the high-molecular-weight aggregates in cataract, a-crystallin was thought to contribute to the cause of lens opacification in ageing cataract [1, 21, 22] . The historical hypothesis that a-crystallins contributed to the cause of cataract was revised when aB-crystallin was recognized as a small heat-shock protein (sHSP) or small stress protein with protective properties resembling molecular chaperones [23] . Currently, aB-crystallin is thought to behave as a small, protective, stress-response protein that modulates the self-assembly of cytoskeletal proteins or binds the modified, mutated, truncated, unfolding proteins to prevent fibril formation in aggregation disorders of ageing [24, 25] . As a small stress-response protein, aB-crystallin selectively detects molecular degeneration early on in the process of molecular and cellular ageing. As a lens crystallin, aB-crystallin is unique because its protective activity is not limited to lens cells and is protective against aggregation disorders in a variety of cells and tissues where protein self-assembly is associated with disorders of ageing [25] . The sensitivity of aB-crystallin to unfolding proteins and the exact magnitude of the affinity for unfolding protein remain important factors that need to be characterized.
Lens cytoplasm as a solution of biopolymers
It is important to realize that cytoplasm is a mixture of biopolymers and the behaviour of the polymer solution can be described by a phase diagram similar to that for synthetic biopolymers [10, 26] . In a polymer phase diagram, the solution conditions for the coexistence of an insoluble self-assembling phase in a soluble phase can be determined using a phase diagram in which a coexistence curve represents the conditions for the formation of large lightscattering aggregates and fibrils (figure 1). The coexistence curve is determined by the protein -protein interactions that account for a change from the soluble, homogeneous phase to self-assembled protein aggregates or fibrils that form a condensed phase [3, 27, 28] . In lens opacification, the interactions responsible for self-assembly of aggregates or fibrils can be defined by equations for phase separation at a specific T c [29] . Reagents that maintain conditions for polymer solubility outside the coexistence curve, and away from T c , can be identified as protective against protein aggregation and light scattering [3, 10] . Measurement of the effect of a reagent on T c was a standard method for empirical identification of phase separation inhibitors (PSIs), reagents that act on protein -protein interactions to inhibit phase separation of biopolymer self-assembly, aggregation and light scattering [30] . While the phase diagram for a two-component polymer solution is a simplification of the multi-component cytoplasm in lens cells, PSI were identified that were effective in a variety of animal models for cataract formation [31, 32] . At the earliest stages of aggregate formation, only small changes in the energies of interaction were necessary to shift the phase behaviour from an aggregated structure in the opaque phase to the homogeneous structure of the transparent phase [28] . In practice, this means that the therapeutic use of PSI was necessary well before conditions in the cell deteriorated to favour covalent interactions between selfassembling constituents and irreversible light scattering [33] . Currently, the specific parameters that determine the effectiveness of a PSI are poorly understood. The ability to predict the protective activity of a PSI from theory rather than empiricism is a goal requiring the identification of the specific molecular interactions and determination of the affinities between aB-crystallin (or other sHSPs) and target proteins. The expectation is that there are unique regulators of protein self-assembly and aggregate or fibril formation that can be optimized for their activity as PSI in vivo.
4. Pantethine: a small-molecule inhibitor of phase separation and protein self-assembly
In vitro screening using the effects of numerous candidate PSI on T c identified the endogenous compound, pantethine, as a very effective PSI, suggesting it could be effective in animal models for cataract [20] . Pantethine was known to be safe, with low toxicity in animals and humans, and the effect of pantethine on lens opacification was tested in a number of diverse animal models for cataract. The effects of pantethine were remarkable against several models for lens opacification even though the biological mechanisms of the different animal models for cataract were thought to be quite different [31] . For example, in the selenite model, calcium activated a calpain protease that cleaved beta-crystallin, exposing interactive sites that increased attractive interactions between proteins to cause protein self-assembly, aggregation and opacification in the living animal. The aB-crystallin that would normally protect against the abnormal protein -protein interactions and aggregation was compromised. The pantethine inhibited the interactions responsible for aggregation although the mechanism is not completely understood. There is experimental support for at least three possible actions: (i) pantethine may act directly on the exposed proteolytic sites to inhibit aggregation; (ii) pantethine may interact with and enhance the protective activity of aB-crystallin; and (iii) pantethine may act both on the exposed proteolytic sites and on aB-crystallin. Pantethine has no activity as a calpain inhibitor so the effects of pantethine are hypothesized to involve its activity as a PSI. In the radiation model for cataract, post-translational modifications resulted in altered protein-protein interactions, and the formation of high-molecular-weight aggregates that were enriched for aB-crystallin. Similar to the selenite model, radiation alters protein-protein interactions that result in an increase in T c that favours protein aggregation at body temperature. The pantethine protects against the increase in T c through action on the unfavourable protein-protein interactions that produce protein aggregates.
In the streptozotocin and galactose models for diabetic cataracts, high-molecular-weight aggregates were formed that included aB-crystallin in light-scattering structures. The pantethine is hypothesized to inhibit light scattering by protecting against protein-protein interactions favourable to aggregation. The hereditary cataract in the Royal College of Surgeons rat was produced by a mutation in the Mertk gene, a receptor tyrosine kinase with a human homologue in retinitis pigmentosa [34] . The light scattering in the Royal College of Surgeons rat is the result of protein aggregates that can be prevented by PSI such as pantethine. In these, and nearly all models for cataract, aB-crystallin was associated with light scattering and opacification. In fact, the two common parameters related to increased light scattering in cataract are altered rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120104 protein-protein interactions leading to protein self-assembly and aggregation, and the involvement of aB-crystallin, which was, in part, the basis for the historical theory that a-crystallin was the cause of the self-assembly of light-scattering aggregates in human cataract [21] .
Pantethine consists of pantoic acid, beta-alanine and cysteamine, endogenous biochemical metabolites, having individual activity as PSI [20] . When used separately or in mixtures, their collective effects were less than the effect of the parent molecule, pantethine, in vivo or in vitro. This finding was a good example of a reagent, pantethine, whose total bioactivity was greater than the sum of the activity of the individual components. In other words, the separate components in pantethine were effective, but the effectiveness of the components was optimized when combined into a molecule of pantethine. Most importantly, the effectiveness of the pantethine in diverse mechanisms for cataract formation raised the possibility of a common molecular mechanism for the activity of pantethine. How could pantethine, a small molecule and PSI, act on diverse protein -protein interactions in a variety of complex mechanisms for protein self-assembly, aggregation and opacification? Studies, in vivo and in vitro, suggested that pantethine effectiveness depended on interactions with aB-crystallin, a small stress protein and molecular chaperone [20] . Our experiments were redirected to determine the importance of aB-crystallin, the endogenous molecule, as a regulator of self-assembly and aggregation not only in diverse mechanisms for cataract but in a variety of self-assembly disorders of ageing. The hypothesis that pantethine activity required aB-crystallin was tested in vivo using lens opacification resulting from proteolysis of beta-crystallin and in vitro using the thermal aggregation of beta-crystallin [20] . Because aBcrystallin was upregulated in a variety of ageing disorders, characterization of the interactive surface domains that account for the therapeutic potential of aB-crystallin became an important objective.
Sequences in human aB-crystallin and the regulation of protein self-assembly
It is well established that the upregulation of aB-crystallin occurs in a variety of cells in age-related disorders, including neurons of the brain and retina, myocytes of cardiac and skeletal muscle, cells of pancreas and colon [24, 35, 36] . Filament and cytoskeletal assembly are important for the normal function of most cells in the brain, retina and muscle, and the self-assembly of the mitotic apparatus is important for cell division in many cancers. In the common disorders of human ageing, the upregulation of aB-crystallin accompanies a stress response to molecular and cellular degeneration. It is well documented that aB-crystallin can interact with and protect against the self-assembly of a diverse number of proteins in a variety of models for aggregation disorders [35] [36] [37] . When the sites for the interactions between aB-crystallin and target proteins were studied, a surprising number of sequences were identified as interactive sites and there was diversity in their surface exposure that varied with protein targets, including self-assembling cytoskeletal proteins, amyloid proteins, crystallins and selected growth factors. Many of the target proteins were important for lens fibre differentiation and growth (table 1) . When the diversity in the spatial distribution of the interactive sites on the surface of aB-crystallin was recognized, it was realized that peptides based on the interactive sequences in aB-crystallin had the Table 1 . Target proteins for aB-crystallin. Most proteins that interact with aB-crystallin are self-assembling proteins having structural or regulatory functions in the differentiation of morphology of lens and other cells. These functions include protein self-assembly modulated by peptides derived from human aB-crystallin. The conditions for self-assembly of structural proteins in normal development and ageing can also be important in self-assembly of proteins in cellular disorders of ageing and development. The common factors in the diverse mechanisms for aggregation and opacification involve interactions between proteins and their solvent environment. Our hypothesis is that the mechanisms for protein self-assembly are dynamic, and are initiated by weak non-covalent interactions sensitive to the charge, hydrophobicity and weak binding affinities at selected molecular surface sites. Determination of the interactive sites and their individual activity in the collective function of aB-crystallin will be important for characterization of mechanism(s) for protection against self-assembly of protein aggregates or fibrils during ageing. Amyloid-b, a-synuclein, b2-microglobulin and transthyretin are included in the amyloid fibril nomenclature [44] .
rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120104 potential to interact with and influence amyloid and aggregate formation in a variety of ageing disorders [24, 38, 39] . An important question raised by these results became the size of the small molecules that could alter the function of aB-crystallin. For example, in contrast to other HSPs and molecular chaperones, the activity of aB-crystallin was not ATP-dependent. Instead, ATP enhanced the activity of aB-crystallin, and the interactive site for ATP was identified as a Walker B ATP-binding motif near a key interactive domain on the surface of aB-crystallin [40, 41] . The result was consistent with a mechanism for ATP as a small molecular regulator of the function of aB-crystallin. Similarly, the effects of the small endogenous metabolite, pantethine, could be accounted for as an effect on the protein-protein interactions between aB-crystallin and self-assembling normal or destabilized protein targets [18] . Given the effects of aB-crystallin on important structural molecules, including actin, tubulin, intermediate filaments, cell adhesion molecules, junctions and connexins, the peptide sequences of the interactive domains of aB-crystallin became potential small-molecule regulators of the interactions responsible for the self-assembly of cytoplasmic proteins. In lens as well as brain, heart and muscle, small molecules, including aptamers, common endogenous metabolites and peptides can act on the interactions important for the function of aB-crystallin. Through their interactions with aB-crystallin, such small molecules become important in the self-assembly of pathological amyloid-like proteins in major diseases of ageing [37, 39, 42, 43] . While one of the most fascinating problems in all of biology is the molecular mechanism(s) responsible for transparent cytoplasmic structure, differentiation and ageing of lens cells appear to be excellent models for generating new knowledge about the fundamental mechanism(s) of molecular and cellular degeneration occurring in ageing disorders. Figure 2 . Experimental peptides can enhance or inhibit amyloid formation in vitro. Synthetic peptides were prepared on the basis of the interactive sequences identified in human aB-crystallin (left column). The activity of the individual peptides was tested in assays for protein aggregation and amyloid formation using model proteins for Alzheimer's disease (amyloid b or Ab) and Parkinson's disease (a-synuclein) (see second and third columns). The effectiveness of the individual peptide sequences was remarkably diverse and varied with the target protein. Some peptides suppressed aggregation while others enhanced aggregation (compare the effects of the peptide in rows 3 and 4 on Ab and a-synuclein). Peptide sequences containing as few as four amino acids were effective (rows 8 through 24) and confirmed that the interactive sequences from aB-crystallin can be reduced to peptides as small as 4mers and still retain activity. While the mechanism for protective activity remains to be defined, there is no doubt that small molecules can be effective regulators of the self-assembly of amyloid proteins in vitro. The next challenge is to define the mechanistic basis for the effectiveness of the small molecules on self-assembly of proteins in vivo. (Online version in colour.) rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120104
Summary
In the trilaminar embryo, lens cells originate from the ectoderm just lateral to the neuroectoderm and differentiate into an ellipsoidal or spherical optical element consisting of layers of elongated, transparent, refractile, cellular fibres. At early embryonic ages when visual function is not yet established, the transition temperature, T c (also known as the cloud temperature, the critical temperature or temperature of cataract) of the cytoplasm is near body temperature. During normal development and ageing, T c decreases away from body temperature as protein-protein interactions favour transparent cellular structure. By contrast, an increase in T c towards body temperature is a measure of protein-protein interactions that favour aggregate formation and cellular opacification. T c is a direct measure of the difference between interactions unfavourable for the self-assembly of soluble proteins and interactions favourable for protein self-assembly. Small molecules that increase or decrease T c act as PSIs, to regulate interactions measured by T c and the self-assembly of proteins in vivo. Small molecules that influence small stress proteins can shift T c and control the self-assembly of aggregates and fibrils that are characteristic of disorders of ageing including Alzheimer's disease, Parkinson's disease, age-related macular degeneration (AMD) and cataract. Peptides as small as four amino acids can enhance or inhibit self-assembly of proteins associated with aggregation or amyloid formation (figure 2). The number of interactive sites identified on aB-crystallin accounts for the diversity in the activity of the small stress protein in regulating a variety of self-assembling proteins in the normal cell function or in disorders of ageing. The results provide a new model for the control of protein self-assembly based on the functional activity of small stress proteins that can be regulated by the interactive sequences of a-crystallins, aptamers, ATP and pantethine [20, 41, [44] [45] [46] [47] . The results support the hypothesis that the protective function of aB-crystallin and other small stress and sHSPs can be modulated using small molecules that influence the collective interactions between the interactive surface domains on the molecule and specific sites on their target proteins.
